Datura stramonium seeds contain at least three chitin-binding isolectins [termed Datura stramonium agglutinin (DSA)] as homo-or heterodimers of A and B subunits. We isolated a cDNA encoding isolectin B (DSA-B) from an immature fruit cDNA library; this contained an open reading frame encoding 279 deduced amino acids, which was confirmed by partial sequencing of the native DSA-B peptide. The sequence consisted of: (i) a cysteine (Cys)-rich carbohydrate-binding domain composed of four conserved chitin-binding domains and (ii) an extensin-like domain of 37 residues containing four SerPro 4-6 motifs that was inserted between the second and third chitin-binding domains (CBDs). Although each chitin-binding domain contained eight conserved Cys residues, only the second chitin-binding domain contained an extra Cys residue, which may participate in dimerization through inter-disulfide bridge formation. Using matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry, the molecular mass of homodimeric lectin composed of two B-subunits was determined as 68,821 Da. The molecular mass of the S-pyridilethylated B-subunit were found to be 37,748 Da and that of the de-glycosylated form was 26,491 Da, which correlated with the molecular weight estimated from the deduced sequence. Transgenic Arabidopsis plants overexpressing the dsa-b demonstrated hemagglutinating activity. Recombinant DSA-B was produced as a homodimeric glycoprotein with a similar molecular mass to that of the native form. Moreover, the N-terminus of the purified recombinant DSA-B protein was identical to that of the native DSA-B, confirming that the cloned cDNA encoded DSA-B.
Introduction
Datura stramonium agglutinin (DSA) is a chitin-binding lectin that is extracted and purified from D. stramonium seeds (Kilpatrick and activity (Crowley et al. 1984) . DSA preferentially binds to tri-or higher -branched complex-type N-glycans containing N-acetyllactosaminyl structures (Crowley et al. 1984) . DSA recognizes not only the number of branches, but also the branch type of complex-type N-glycans. Between the two types of isoforms of triantennary N-glycans, DSA preferentially binds to triantennary N-glycans with C-2,6 branching over those with C-2,4 branching (Crowley et al. 1984; Cummings and Kornfeld 1984; Yamashita et al. 1987) . DSA recognizes complex-type N-glycans containing poly-N-acetyllactosamine, with high affinity (Cummings and Kornfeld 1984) . It has been reported that more than two N-acetyllactosamine-repeating units are essential for binding to the DSA-Sepharose column (Kawashima et al. 1990 ). Based on these specificities, DSA has been used to analyze structural changes in sugar chains during oncogenesis, by employing it in affinity chromatography or tissue staining (Hiraizumi et al. 1992; Saitoh et al. 1992 ). More recently, DSA has been used in a lectin microarray for glycome profiling, and has also been applied in glycoproteomics research in combination with mass spectrometry (MS) (Sun et al. 2009; Hirabayashi et al. 2013; Kinoshita et al. 2014) . Sasaki et al. (2002) showed that DSA inhibited proliferation of rat C6 glioma cells by binding specifically to cell-surface glycans on glioma cells. As such, DSA is an essential tool in glycobiological studies.
DSA is a glycoprotein composed, by weight, of 40% carbohydrates, of which 93% is arabinose and 7% is galactose. The most abundant amino acids in DSA are hydroxyproline, cysteine, glycine and serine (Desai et al. 1981) . Originally, DSA was proposed to be a dimer composed of two nonidentical subunits that are linked by disulfide bonds. Using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), the subunit sizes of DSA were estimated to be 40 and 45 kDa, (Kilpatrick and Yeoman 1978; Crowley and Goldstein 1981) . Thereafter, the molecular weights of native and S-carboxymethylated DSA were estimated at 67,000 and 32,000 Da, respectively, by gel filtration using 6 M guanidinium chloride (Desai et al. 1981) . The discrepancy in the estimated molecular weight appears to be due to the irregular behavior of such high carbohydratecontent proteins during SDS-PAGE. It has subsequently been shown that an affinity-purified DSA fraction is a mixture of three different isoforms, referred to as isolectins, which arise from AA, AB and BB combinations of the two subunits. The A-and B-subunits have similar, but nonidentical Mr values, viz., 32,000 and 28,000, respectively (Broekaert et al. 1987) .
Many plant chitin-binding lectins are known to harbor common structural motifs containing cysteine-rich (Cys-rich) sequences of 30-43 amino acids, called chitin-binding domains (CBDs) (Raikhel et al. 1993) . For example, Urtica dioica agglutinin (UDA) consists of two tandemly arrayed CBDs (Lerner and Raikhel 1992) , whereas wheat germ agglutinin (WGA) consists of four such domains (Smith and Raikhel 1989) . The chitin-binding lectins of Solanaceae species, such as tomato (Solanum lycopersicum) (Nachbar et al. 1980; Naito et al. 2001) , potato (S. tuberosum) Allen et al. 1996) and DSA (Desai et al. 1981; Ashford et al. 1982) contain additional unrelated motifs, viz., a hydroxyproline (Hyp)-rich glycoprotein (HRGP) domain that resembles the cell-wall glycoprotein extensin. Although their hemagglutinating activities are inhibited by chitin, they exhibit different binding specificities toward glycoproteins and sugar chains containing poly-N-acetyllactosamine (Kawashima et al. 1990; Oguri 2005) . To understand the mechanisms by which these proteins recognize the sugar chain structure, knowledge of their protein structure is essential. Recently, cDNAs encoding potato and tomato lectins have been sequenced, and their chimeric nature has been revealed (Van Damme et al. 2004; Oguri et al. 2008) . However, differences among DSA isolectins have been poorly characterized, and their cDNAs have not yet been isolated.
In this report, we describe the amino acid sequencing of purified DSA isolectins and cDNA cloning of the B-subunit of DSA. To confirm that the isolated cDNA actually encodes a functional lectin, we generated DSA-B-overexpressing transgenic Arabidopsis plants, and purified the recombinant lectin. To date, commercially available DSA preparations have been purified from D. stramonium seeds, and have therefore involved a mixture of several isoforms. Development of a recombinant lectin will be the most effective way to provide homogeneous lectin preparations. Our results hold potential for the supply of homogeneous recombinant DSA that can provide a distinct advantage for future diagnostic use of DSA.
Results

Characterization of DSA isolectins
According to previous reports, DSA consists of three isolectins, which are homo-and heterodimers composed of a combination of two nonidentical A-and B-subunits (Broekaert et al. 1987) . To gain structural information essential for molecular cloning, each DSA isolectin was purified from D. stramonium seed extract. Three isolectin fractions were separated by Phenyl-Sepharose column chromatography from the chitin gel-bound fraction ( Figure 1 ). The yields of the hemagglutinating activities of fractions I, II and III were 53.3, 16.6, and 4.1% of total lectin activity in the seed extract, respectively. After rechromatography, the fractions were subjected to SDS-PAGE. The first fraction yielded two components with apparent molecular masses of 45 kDa (subunit A) and 40 kDa (subunit B) under reducing conditions. The second fraction resulted in a single band with an apparent mass of 40 kDa ( Figure 2A, lanes 1 and 2) . Under nonreducing conditions, each fraction yielded a single band of ∼80 kDa, indicating that each fraction contained a dimer linked by disulfide bonds (Figure 2A , lanes 5 and 6). Based on these characteristics, the isolectins were each identified as an AB or BB dimer, as described in previous reports (Broekaert et al. 1987) . We were not able to isolate the AA-isolectin, a homodimer of the 45-kDa subunit. The third isolectin fraction produced a 32-kDa band under both reducing and nonreducing conditions, when separated on an SDS-PAGE gel (Figure 2A , lanes 3 and 7). This was identified as isolectin C, to distinguish it from the other two isolectins.
Each isolectin was electroblotted onto a polyvinylidene difluoride (PVDF) membrane, and the subunits were subjected to N-terminal peptide sequencing (Table I) . For subunit A, the N-terminal sequence was determined after the second residue because no phenylthiohydantoinamino acid was produced during the first cycle of the Edman degradation reaction. The N-terminal sequences of subunits A and B were identical following the eighth residue of subunit A, except for one mismatch at residue 14. The N-terminal sequence of subunit B derived from heterodimeric AB-isolectin was identical to that derived from BB-isolectin. The N-terminal sequence of isolectin C was identical to that of subunit A from the eighth residue onwards.
Isolectin BB was chosen for further analysis, due to the homogeneity of its subunit composition. DSA is a Hyp-rich glycoprotein, with 40% of its mass consisting of carbohydrates (Desai et al. 1981) . Knowledge of the accurate size of the DSA B-subunit is essential to cDNA cloning. The molecular mass of the homodimeric BB-isolectin was determined by matrix-assisted laser desorption/ionization-timeof-flight MS (MALDI-TOF MS) as being 68,821 Da (Supplementary data, Figure S1A ). In order to determine the accurate size of the protein moiety, BB-isolectin was deglycosylated by trifluoromethanesulfonic acid (TFMS) treatment. As shown in Figure 2B , TFMS treatment of the protein caused a decrease in the molecular weight of the protein band ( Figure 2B, lanes 1 and 3) . Elimination of carbohydrates from the protein was confirmed by loss of reactivity with periodic acidSchiff (PAS) reagent ( Figure 2C , Lanes 1 and 3). After reduction, the native and the deglycosylated BB-isolectin was S-alkylated with 4-vinylpyridine and the dissociated subunit was then purified. Using MALDI-TOF MS, the molecular mass of the B-subunit was estimated to be 37,748 Da, and that of the deglycosylated B-subunit was estimated to be 26,491 Da, as S-pyridylethylated derivatives (Supplementary data, Figures S1B and C) . The molecular mass of the carbohydrate moiety was estimated to be 11,257 Da per subunit. Based on these results, the percentage of carbohydrate in the BB-isolectin was calculated to be 32.7%.
cDNA cloning and molecular structure of B-subunit of DSA
The purified B-subunit of DSA was digested with trypsin and V8 protease. Of the peptides that were obtained, ten were subjected to protein sequencing. A cDNA library was synthesized from total RNA isolated Native isolectin BB and rDSA-B were treated with TFMS at 0°C for 3 h. Samples before (lanes 1 and 2) and after (lanes 3 and 4) TFMS treatment were analyzed by 12.5% SDS-PAGE under reducing conditions. After electrophoresis, proteins were transferred onto PVDF membranes, and stained with CBB (B), and PAS reagent (C) for carbohydrate detection. Lanes 1, 3; native DSA-B; lanes 2, 4, rDSA-B. Fig. 1 . Separation of DSA isolectins. The affinity-purified DSA fraction was applied to a Phenyl-Sepharose HP column and eluted with a linear gradient from 15 to 0% saturated ammonium sulfate. The flow rate was 1 mL min −1 . Proteins were monitored by their absorbance at 280 nm. The fraction indicated by bars were pooled, and further purified by re-chromatography on the same column. The inset shows SDS-PAGE analysis of the fractions. lane M, size standards; Lane C, the chitin gel-bound fraction prior to chromatography.
cDNA cloning and expression of Datura stramonium agglutinin from immature D. stramonium fruit. Degenerate primers were designed to the internal sequences obtained from subunit B peptides (Supplementary data, Table S1 ) and rapid amplification of cDNA ends (RACE) was performed, allowing cloning of the full-length 1030-bp cDNA (GenBank/EMBL/DDBJ accession no. AB618634).
The cDNA (dsa-b) contained a putative open reading frame of 837 bp and encoded a 279-residue deduced amino acid sequence ( Figure 3 ). No intronic sequences were found in the relevant genomic DNA (data not shown).
The partial amino acid sequences determined for purified DSA BB-isolectin were identical to those deduced from the cDNA sequence (Figure 3 (Figure 3 ), indicating that Asn 77 was not glycosylated. These results suggested that the mature subunit lacks N-glycan.
The calculated molecular mass of the B-subunit lacking 49 amino acids was 23,802 Da, and that of S-pyridylethylated derivative was calculated to be 27,269 Da. Amino acid analysis of the B-subunit showed that 54.5% of Pro residues in this peptide were hydroxylated (Broekaert et al. 1987) . Taking into account an increase in molecular mass (336 Da) resulting from the hydroxylation of 21 Pro residues, the molecular mass of the polypeptide from residue 50 to 279 was calculated to be 27,605 Da, as an S-pyridylethylated derivative. The calculated molecular mass was similar, but was 1114 Da larger than that of the deglycosylated B-subunit (26,491 Da) as measured by MALDI-TOF MS. Although the C-terminus of the mature B-subunit has not yet been experimentally determined, this discrepancy between the estimated and calculated molecular mass may be attributed to C-terminal processing.
According to the deduced amino acid sequence, DSA-B is comprised of two distinct protein motifs ( Figure 4A ): the chitin-binding domain, and the Hyp-rich glycoprotein domain, referred to as the extensin-like domain (ELD). Analysis of protein motifs with Pfam (http://pfam.xfam.org/) indicated that DSA-B contained four conserved, putative CBDs, each consisting of 40 residues (residues 52-91, 98-137, 175-214 and 221-260, referred to as CBD1, CBD2, CBD3 and CBD4, respectively). Multiple alignment of the CBD sequences revealed that they shared 62-82% identity ( Figure 4B ). Among them, CBD3 and CBD4 showed the highest identity (82%). The CBDs of DSA-B shared similarities with those of the chitinbinding proteins isolated from plants. As shown in Figure 4B , the CBD1 of DSA-B is homologous to the CBD of tomato lectin (50% identity) (Oguri et al. 2008) , potato lectin (50% identity) (Van Damme et al. 2004) , pokeweed lectin isolectin D2 (56% identity) (Yamaguchi et al. 1996) , UDA-VI (46% identity) (Does et al. 1999 ) and WGA isolectin A (42% identity) (Smith and Raikhel 1989) . Although the similarities among these CBDs are not particularly high, the orientation of the eight Cys residues was conserved. Interestingly, only CBD2 of DSA-B contained an extra Cys residue at position 118. It is known that eight conserved Cys residues of a CBD from chitinbinding lectins participate in four disulfide bridges within the domain (Wright 1987; Harata and Muraki 2000) . Therefore, Cys 118 of DSA-B CBD-2 may participate in dimerization through intra-disulfide bridge formation.
CBDs of chitin-binding lectins contain one Ser residue and three aromatic amino acid residues at conserved positions ( Figure 4B , arrowheads), which are involved in sugar-binding (Wright and Kellogg 1996; Harata and Muraki 2000) . Ser 19 of UDA-VI is known to participate in the formation of a hydrogen bond with the acetyl oxygen atom of chitotriose , a feature that is well conserved among all CBDs of DSA-B. Of the three aromatic residues, only the second Trp residue is conserved among all CBDs of DSA-B, whereas the first aromatic residue is not conserved. The third tyrosine residue was replaced with His 81 in CBD1 of DSA-B, as the result of a single nucleotide substitution at nucleotide 257. Linker hexapeptides (SGPFPR and SGPFPQ) are present between CBD1 and CBD2, and between CBD3 and CBD4, respectively (Figure 4A) . A Pro-rich domain of 37 residues is inserted between CBD2 and CBD3 (residues 138-174), comprising repetitive Ser-Pro 1-6 motifs. This motif is also present in extensins, a family of HRGPs that are present in the cell walls of higher plants. Amongst the 38 prolyl residues of the mature DSA-B, 25 clustered in this region. It is known that the series of Pro residues in the Ser(Pro)n motif found in HRGP are usually hydroxylated (Kieliszewski and Lamport 1994) . We also detected a series of Hyp residues from the T5 peptide, derived by tryptic digestion of DSA-B (Figure 3 ). Ashford et al. (1982) has previously described that the Hyp residues of DSA are glycosylated with 1-4 arabinosyl residues, and that some of the Ser residues are glycosylated with mono-or di-galactose units. These observations indicate that the Pro-rich domain of DSA-B undergoes prolyl hydroxylation and subsequent glycosylation. The arrangement of domains of DSA-B is similar to that of potato tuber lectin (Van Damme et al. 2004) . Multiple alignment analysis of the sequences of DSA-B and potato lectin revealed that they shared 59% identity overall (Supplementary data, Figure S2 ).
Generation of DSA-B transgenic plants and characterization of recombinant DSA-B
To determine whether the isolated cDNA encoded active lectin, we produced recombinant DSA-B using heterologous expression systems. First, we chose Escherichia coli and Bacillus expression systems for production of soluble recombinant DSA-B protein. However, the attempts were unsuccessful, mainly because no transformants harboring the dsa-b expression vector were obtained from either system. Next, we generated a set of Arabidopsis transgenic plants overexpressing the entire DSA-B precursor under the control of the constitutive 35S promoter ( Figure 5A ). T 2 independent lines that had been stably transformed with 35S::dsa-b possessed hemagglutinating activities, whereas no activity was detected in the extract from the wild-type Arabidopsis plant ( Figure 5B ). The transgenic plants did not exhibit any apparent phenotypic abnormalities compared with wild-type plants (data not shown). The recombinant lectin was purified from dsa-b-overexpressing T 2 transgenic plant line #1 by affinity chromatography using a chitin-gel column. The hemagglutinating activity in the crude extract from the transgenic plants was completely retained in the chitin-gel column, and the bound proteins were eluted with 4.2% (v/v) 1,3-diaminopropane. The eluted fraction yielded a prominent band with molecular mass of 40 kDa, which was accompanied by a faint band ∼30 kDa, when fractions were separated by SDS-PAGE ( Figure 6 , lane 6). Based on the subunit size of native DSA-B, the 40-kDa component appeared to be recombinant DSA-B (rDSA-B). When the crude extract from wild-type plants was applied to the same column as the control experiment, the above mentioned proteins were not found in the eluted fraction ( Figure 6 , lane 3), confirming that they are products of a transgene, and are not found in the wild-type plants. The fraction containing the hemagglutinating activity was further purified by gel filtration. The lectin activity was eluted separately from the 30-kDa protein band. The purified recombinant lectin showed a single band of 40 kDa upon SDS-PAGE ( Figure 6 , lane 7). The fraction containing the 30-kDa protein ( Figure 6 , lane 8) did not exhibit any hemagglutinating activity. Table II summarizes the purification of recombinant lectin, which was purified more than 210-fold, to homogeneity.
The specific activity of the purified rDSA-B was 372 titer mg −1 , which was 3-fold lower than that of native DSA BB-isolectin. The recombinant lectin content in the transgenic Arabidopsis plant amounted to 44 μg g −1 fresh weight, corresponding to 0.47% of the total soluble proteins. The N-terminal sequence of rDSA-B was determined for up to 15 residues, and was identical to the native B-subunit of DSA (Table I ). The purified rDSA-B behaved as a homodimer when separated by SDS-PAGE (Figure 2A, lanes 4 and 8) . The molecular mass of the native rDSA-B was determined to be 64,296 Da by MALDI-TOF MS, which was 4525 Da smaller than that of the native homodimeric BB-isolectin (Supplemental data, Figure S3A ). The difference in the apparent molecular mass between native and rDSA-B was also observed by SDS-PAGE ( Figure 2B , lanes 1 and 2). As Figure 2C shows, rDSA-B was a glycoprotein that stained positively with PAS reagent. After deglycosylation by TFMS, rDSA-B showed the same mobility as the deglycosylated DSA-B on SDS-PAGE ( Figure 2B, lane 4) , suggesting that the difference in molecular mass between the native and rDSA-B results from glycosylation by host plants. The N-terminal sequence of the chitin-binding 30-kDa protein ( Figure 6 , lane 8) began at Leu 140 of the DSA-B sequence, indicating that it is the latter part of rDSA-B that is generated by endogenous proteolytic digestion. We were unable to find a fragment corresponding to the former part of rDSA-B in the fraction eluted from the chitin-gel column. MALDI-TOF MS analysis revealed that the 30-kDa protein is composed of multiple molecules with different molecular masses of ∼21 kDa (Supplemental data, Figure S3B ). The difference in the molecular masses of adjacent signals was 132 Da, which corresponds to the mass of a pentose residue. Since the fragment contained the extensin-like domain of rDSA-B, the multiple signals observed may be due to varying glycoforms with different degrees of arabinosylation. This finding suggested that rDSA-B produced by Arabidopsis is glycosylated with poly-arabinosyl residues, as is native DSA. A previous report has described that the glycopeptide fragment of 18.7 kDa was released from S-carboxymethylated DSA by pronase digestion (Desai et al. 1981) . The fragment contained all the hydroxyproline, arabinose and most of the galactose of the original molecule, together with serine and other amino acids (Desai et al. 1981 ). This observation is corresponds with our findings. The ELD of DSA may protect the adjacent protein backbone from protease action. The carbohydrate-binding specificities of native DSA isolectins and rDSA-B were compared using the hapten inhibition method.
As given in Table III , among the carbohydrates tested, the activity of rDSA-B was inhibited by chito-oligosaccharides and N-acetyllactosamine. The inhibitory effect of chito-oligosaccharides on rDSA-B activity increased in proportion to the chain length, up to tetramer length, similar to the native AB-and BB-isolectins. Although both isolectins shared similar specificities against oligosaccharides, they were distinguished by their sensitivity against glycoprotein inhibitors. Ovalbumin was 16-fold more potent as an inhibitor of the BB-isolectin 7) were subjected to affinity chromatography using a chitin-gel column. Aliquots from each step of purification were analyzed by 12.5% SDS-PAGE and stained with CBB. Lanes 1 and 4, crude extract; lanes 2 and 5, flow-through fraction; lanes 3 and 6, fraction eluted with 4.2% 1,3-diaminopropane; M size standards. The rDSA-B (lane 7) and the 30 kDa protein (lane 8) were separated by HW-55F gel filtration.
cDNA cloning and expression of Datura stramonium agglutinin than of the AB-isolectin. The inhibition pattern of isolectin C was different compared with that of isolectins AB and BB. Asialofetuin was 8-fold and thyroglobulin was 64-fold more potent inhibitors of isolectin C than of isolectins AB and BB. Among the native isolectins compared here, the inhibition pattern of rDSA-B by glycoproteins was most similar to that of BB-isolectin, although some differences were observed. The inhibitory effect of ovomucoid on rDSA-B was 5-fold higher than that on native BB-isolectin.
Discussion
We isolated a cDNA encoding a novel chitin-binding motif-containing protein from a cDNA library derived from D. stramonium immature fruit. The cDNA was identified as the DSA subunit B gene through several methods. The deduced amino acid sequence included N-terminal and internal sequences of subunit B, and taking into account the post-translational modifications, the calculated molecular mass was similar to the actual molecular mass of the deglycosylated subunit B as determined by MALDI-TOF. Finally, transgenic Arabidopsis thaliana bearing the isolated gene produced active homodimeric lectin, which exhibited specificities similar to that of the native BB-isolectin of DSA.
The N-terminus of the native DSA B-subunit started from Ser 50 of the amino acid sequence deduced from DSA-B cDNA. The first 23 amino acids were predicted to form a signal peptide. The subsequent 26-amino acid peptide (Lys 24 -Tyr 49 ) was missing in mature DSA-B, and appears to be a propeptide. Such deduced propeptides are found in chitin-binding proteins from tomato, such as tomato lectin (Oguri et al. 2008 ) and the 42-kDa chitin-binding glycoprotein (accession no. AB302235) (Naito et al. 2001) ; these propeptides are predicted to include 12 residues and 22 residues, respectively. The roles of the propeptide during maturation of chitin-binding proteins remain unknown.
Our results revealed the molecular features of DSA, which, together with tomato and potato lectin, is one of the representative chitin-binding lectins from the Solanaceae species. These lectins are glycoproteins containing up to 40-50% carbohydrates. Proteinchemical analyses revealed that such high carbohydrate content result from a highly glycosylated ELD inserted between CBDs (Ashford et al. 1982; . Although protomers of these lectins consist of four CBDs of ∼40 amino acids each, the sizes of the ELD and arrangement of the domains differ. The 37-residue ELD, carrying 11 kDa of carbohydrates, is inserted between CBD2 and CBD3 in DSA-B. Previous studies indicated that the glycosylated extensin molecule has an extended rod-like structure (Brownleader et al. 1996) . Therefore, the protomer of DSA-B is assumed to be a symmetrical dumbbell-shaped molecule, with two CBDs at either end, as shown in Figure 4A . As shown in Supplementary data, Figure S2 , the domain construction of potato lectin is similar to that of DSA-B, except that the potato lectin has a longer ELD (63 residues) (Van Damme et al. 2004 ). On the other hand, the protomer of tomato lectin has a nonsymmetrical shape, because a long ELD (101 residues) insertion divides the molecule into one (CBD1) and three CBDs (CBD-2, -3 and -4) regions (Oguri et al. 2008 ). This arrangement of CBDs due to the insertion of the ELD may affect the sugar chain-binding specificities of these lectins. To examine this hypothesis, we are currently attempting to express a DSA-B mutant lacking an ELD in Arabidopsis.
The CBDs from plant chitin-binding proteins contain eight Cys residues at conserved positions, which are responsible for the formation of four intra-domain disulfide bridges (Raikhel et al. 1993) . The CBD2 of DSA-B was found to contain nine Cys residues, which is a unique feature among plant chitin-binding proteins. DSA-B forms a homodimer linked by a disulfide bond. However, subunits from other dimeric chitin-binding lectins, such as WGA and potato lectin, associate with each other through noncovalent bonds (Matsumoto et al. 1983; Wright 1987 Scatchard plot analysis indicated that DSA possesses two binding sites per dimer. The hapten inhibition test indicated that DSA binds (GlcNAc) 3 6-fold stronger than (GlcNAc) 2 , while the inhibitory effect of (GlcNAc) 4 was nearly equivalent to that of (GlcNAc) 3 . Therefore, Crowley et al. (1984) proposed that the binding site of DSA is composed of three subsites. CBDs of chitin-binding lectins contain one Ser residue and three aromatic amino acid residues at conserved positions, which are involved in sugar-binding (Wright and Kellogg 1996; Harata and Muraki 2000 in UDA-VI, the indole moiety of the first aromatic residue (Trp  21 ) binds to the reducing end GlcNAc residue of (GlcNAc) 3 with face-to-face contact . Site-directed mutagenesis experiment of the chitin-binding protein (Ac-AMP) indicated that the replacement of Phe 18 in Ac-AMP, which corresponds to Trp 21 in UDA-VI, with an Ala residue resulted in reduction of its chitinbinding ability . Therefore, the absence of the first aromatic residues in CBDs of DSA-B may affect its binding specificity toward GlcNAc oligomers. The inhibitory effect of (GlcNAc) 3 was eight times higher than that of (GlcNAc) 2 in rDSA-B (Table III) . However, other chitin-binding lectins containing complete sets of the conserved three aromatic residues are more sensitive to (GlcNAc) 3 . The inhibitory effects of (GlcNAc) 3 were 23-30 times higher than that of (GlcNAc) 2 in WGA (Goldstein et al. 1975) , UDA (Shibuya et al. 1986 ), tomato lectin (Nachbar et al. 1980 ) and potato lectin (Jimbo et al. 1984) .
It remains unclear whether all CBDs from DSA-B possess a similar sugar chain-binding capacity. Of the three conserved aromatic residues, Tyr 30 in UDA-VI was replaced by His 81 in CBD1 of DSA-B ( Figure 4B ). The phenolic hydroxyl group of Tyr 30 of UDA-VI forms a hydrogen bond with the O3 hydroxyl group of the middle sugar residue of (GlcNAc) 3 . In addition to the absence of the first aromatic residues, these substitutions in CBD1 may cause a loss or decrease in binding to the ligand sugar. The 30-kDa fragment derived from rDSA-B was retained in the chitingel column, indicating its chitin-binding ability. Based on the N-terminal sequence and the molecular mass, the 30-kDa fragment may contain both CBD-3 and -4. This observation suggested that either CBD-3 or -4, or both, possess sugar chain-binding abilities. We identified the gene encoding the B-subunit of DSA. Both subunits possessed similar, but slightly different, N-terminal sequences. The N-terminal sequence of the A-subunit determined in this study commenced from Thr 44 of the deduced DSA-B sequence, with the exception of one substitution at residue 14. The position of the missing first residue of subunit A corresponded to Asn 43 of the deduced DSA-B sequence, which is a proposed N-glycosylation site. This observation suggested that the N-terminus of subunit A is an N-glycosylated Asn residue. Our preliminary results indicated that both subunits showed similar tryptic peptide maps. Of the total of 28 amino acid residues determined from the three tryptic peptides of subunit A, three amino acid substitutions were found within the deduced sequence of subunit B. These results clearly indicated that these subunits are isoforms encoded by different genes. During cDNA cloning of dsa-b, we isolated several cDNA fragments with sequences similar to that of dsa-b. Furthermore, Southern blot analysis of D. stramonium using a dsa-b probe showed multiple bands (data not shown). These results indicated that DSA isolectins are encoded by a multigene family in the D. stramonium genome.
In this report, we succeeded in generating transgenic Arabidopsis plants that overexpress dsa-b. The recombinant plants exhibited hemagglutinating activity, which was not detected in wild-type plants. Plant chitin-binding proteins are known to be involved in plant defense against pathogens (Chrispeels and Raikhel 1991) . WGA was shown to inhibit the growth of phytopathogenic fungi through their binding of the chitin-containing walls of fungi (Ciopraga et al. 1999) . Possible interactions between DSA and microorganisms have been reported. DSA reacted and precipitated with the pneumococcus type 14 capsular polysaccharide (Crowley et al. 1984) . Furthermore, DSA is capable of reducing the motility of several bacterial species in a carbohydrate-dependent manner . It would be worth testing whether DSA-B overexpression in Arabidopsis enhances resistance to infection by pathogens.
DSA has been used to detect poly-N-acetyllactosaminyl structures on tri-, and tetra-antennary complex-type N-glycans (Cummings and Kornfeld 1984; Saitoh et al. 1992; Kinoshita et al. 2014) . The preferential binding of DSA to multiantennary complex-type N-glycans is a useful characteristic for analyzing the sugar chain structures of glycoproteins. This is important, because alterations in branch numbers in mammalian N-glycans have been reported to be associated with several diseases, and are useful as cancer biomarkers and therapeutics against cancer (Ohtsubo et al. 2005; Taniguchi and Korekane 2011) . Therefore, DSA can potentially be used as a biomedical tool for detecting changes in the sugar chain structure of glycoproteins that occur in various diseases. Recent progress in lectin-based technology, such as the development of lectin microarrays (Hirabayashi et al. 2013) , has made lectins increasingly important in this extensive research area. For this purpose, heterogeneity of lectin preparations may be an important factor affecting results. Many plant lectins are present as mixtures of isoforms, referred to as isolectins. Typically, isolectins have a similar molecular structure, although they may differ slightly in their specificity or some physical properties (Sharon and Lis 2007) . For use in biomedical research, lectins extracted from their natural sources has several drawbacks, such as a low yield, contamination with other nontarget lectins, and batch-to-batch variation in the lectin source that results in heterogeneity of lectin-binding properties. Recombinant expression and production of lectins in heterologous expression systems can ameliorate these potential problems (Oliveira et al. 2013) . To date, commercially available DSA preparations have been purified from D. stramonium seeds, and have been distributed as mixtures of several isoforms. Our study demonstrated that it is possible to produce recombinant DSA with a homogeneous composition, providing a distinct advantage for the diagnostic use of DSA in future.
Datura stramonium markedly accumulates DSA isolectins in the mature seeds. The DSA isolectin content are estimated at 2.5 mg g −1 fresh weight of seeds, which accounts for 2.4% of the total soluble protein in seeds (Broekaert et al. 1988) . Compared with the content of native DSA, the accumulation of rDSA-B (44 μg g −1 fresh weight)
in transgenic Arabidopsis plants is 60-times lower. The yield of rDSA-B described here is not sufficient for potential commercial use. De Jaeger et al. (2002) reported that use of a transgene cassette in combination with the promoter and 5′-regulatory sequence from bean seed storage protein could boost the accumulation of a single-chain antibody fragment by up to 36.5% of the total soluble protein in Arabidopsis seeds. Further work is needed to improve the production yield of rDSA-B in heterologous plant hosts.
cDNA cloning and expression of Datura stramonium agglutinin
Materials and methods
Materials
Datura stramonium L. seeds were obtained from the National Institute of Biomedical Innovation (Hokkaido, Japan). Plants of D. stramonium were grown in a greenhouse during the summer season. Flowers were pollinated by hand, and tagged on the day of anthesis. A rabidopsis thaliana wild-type plants ecotype Columbia and transgenic lines were grown in soil at 22°C with a photo cycle of 16-h light and 8-h dark. Commercial DSA was purchased from Seikagaku Biochemicals (Tokyo, Japan). Chitin-gel was prepared by acetylation of chitosan as described by Hirano et al. (1976) .
Purification of DSA isolectins
DSA isolectins were purified from D. stramonium seeds according to the purification procedure described by Kilpatrick and Yeoman (1978) , except for the use of a chitin-gel column in affinity chromatography. Crude seed extracts were subjected to a 5-mL chitin-gel column. The column was eluted with 20 mL of 4.2% (v/v) 1,3-diaminopropane (DAP). The eluted proteins were monitored at an absorption of 280 nm. The eluted fraction was dialyzed extensively against phosphate-buffered saline (PBS), and then subjected to hydrophobic chromatography on a Phenyl-Sepharose HP column (1.6 × 14.5 cm; GE Healthcare Bio-Sciences, Uppsala, Sweden) equilibrated with PBS containing ammonium sulfate to 15% saturation. Elution was performed by decreasing the ammonium sulfate concentration from 15 to 0% saturation in PBS. The flow rate was 1.0 mL min −1 .
The eluted peaks containing hemagglutinating activity were collected into three fractions. The three fractions were further purified by performing an identical chromatography on the same column.
Deglycosylation of DSA
Deglycosylation was performed as previously described (Edge et al. 1981; Oguri et al. 2008) . Anisole (50 μL), and TFMS (100 μL) were mixed and flushed with N 2 and placed on ice. Lyophilized DSA (100 μg) was dissolved in this mixture in a 2-mL Reacti-vial (Thermo Scientific, Rockford, IL) and flushed with N 2 . The reaction mixture was then incubated at 0°C (ice-water bath) for 6 h. The reaction was neutralized with 1.25 mL of 1 M Tris base. The protein was dialyzed extensively against 50 mM ammonium bicarbonate, and lyophilized.
Amino acid sequence analysis
Ten micrograms of purified DSA BB-isolectin were resolved by 10% SDS-PAGE analysis under reducing conditions. The proteins were transferred onto a PVDF membrane (ProBlott, Applied Biosystems, Foster City, CA) by electroblotting. After staining the membrane with a 1% (w/v) Ponceau S (Sigma-Aldrich, St. Louis, MO) solution in 0.1% (v/v) acetic acid, the protein bands were excised and subjected to S-carboxymethylation using iodoacetic acid, following reduction with dithiothreitol (DTT), as described previously (Oguri et al. 2008) . DSA-B, immobilized on the membrane, was digested with Ntosyl-L-phenylalanyl chromoethyl ketone-treated-trypsin (Promega, Madison, WI) in 100 mM ammonium bicarbonate ( pH 7.8) containing 10% acetonitrile at 25°C for 16 h. Peptide fragments were separated by reverse-phase HPLC on a TSK-ODS80Ts column (2.0 mm × 150 mm, Tosoh, Tokyo, Japan). Peptide elution was performed with a linear gradient of solvent B over 80 min at a flow rate of 0.2 mL min −1 using the following solutions: Solvent A: 0.05% trifluoroacetic acid (TFA) in water, and Solvent B: 0.02% TFA in 2-propanol:acetonitrile, 7:3 (v/v). The fractionated peptides were collected manually by monitoring the absorbance at 215 nm. The peptides were analyzed with a Procise 492HT protein sequencer (Applied Biosystems) at the Creative Research Instruction Sosei (Hokkaido University, Hokkaido, Japan). Digestion was performed using Staphylococcus aureus V8 protease (Wako Pure Chemicals, Osaka, Japan), according to the method described by Cleveland et al. (1977) . To determine the N-terminal sequences of subunits from DSA isolectins, each subunit band blotted onto the ProBlott membrane was excised, and analyzed with a protein sequencer.
Separation of subunits and mass spectrometry analysis
Native and deglycosylated DSA (150 μg) were reduced for 5 h in 0.4 mL of 7 M guanidine-HCl containing 10 mM EDTA, 0.5 M Tris-HCl ( pH 8.5), and 1 mg of DTT. 4-Vinylpyridine (2 μL) was added to the reducing solution and samples incubated for 30 min. The sample was loaded onto a reverse-phase column (Phenyl 5PW-RP; 4.6 mm × 75 mm; Tosoh) for desalting and separation of subunits. The column was eluted using a linear gradient of acetonitrile in 0.05% TFA. The flow rate was 0.5 mL min 
Gel electrophoresis
SDS-PAGE was performed using a precast 12.5% homogeneous gel (Atto, Tokyo, Japan). Proteins in the gels were stained with Coomassie Brilliant Blue (CBB) R-250. Carbohydrates were visualized by PAS stain, using a Glycoprotein Western Detection kit (Clontech, Mountain View, CA).
Hemagglutination assay
Hemagglutination was tested by serially diluting the sample (20 μL) with PBS and then mixing it with an equal volume of a 2% suspension of rabbit erythrocytes. The hemagglutination units (titer) were calculated as the reciprocal of the multiple of the dilution that gave a positive reaction after 1 h at room temperature. For inhibition assays, 10 μL of lectin solution (titer 2) was incubated with an equal volume of test sugar solutions, which were serially diluted with PBS containing 2 mg mL −1 of bovine serum albumin. After incubation for 1 h, a 2% suspension of rabbit erythrocytes (20 μL) was added to the mixture and incubated for 1 h. The inhibitory activity was estimated as the minimum concentration of the inhibitor needed for negative hemagglutination. Di-N-acetylchitobiose (GlcNAc) 2 , tri-N-acetylchitotriose (GlcNAc) 3 , tetra-N-acetylchitotetraose (GlcNAc) 4 and penta-N-acetylchitopentaose (GlcNAc) 5 were purchased from Seikagaku Biochemicals. Fetuin from fetal calf serum, asialofetuin, human apo-transferrin, human α 1 -acid glycoprotein, ovalbumin, ovomucoid, bovine submaxillary gland mucin (BSM), asialo-BSM and porcine stomach mucin (PSM) were all purchased from Sigma-Aldrich (St. Louis, MO). Horseradish peroxidase was obtained from Wako Chemical Co. (Osaka, Japan) and yeast invertase was purchased from Roche Diagnostics (Mannheim, Germany).
Isolation of complete cDNA of DSA-B by reverse transcriptase-polymerase chain reaction
Frozen seedlings (1 g) were ground into powder in liquid nitrogen. Genomic DNA was isolated from the resulting seedling powder using the hexadecyltrimethylammonium bromide method (Rogers and Bendich 1985) . Eight primers were designed according to the Construction, expression and purification of recombinant DSA-B
The nucleotide sequence of the DSA-B cDNA, encoding residues 1-279, was amplified by PCR. To facilitate cloning into the binary vector pRI101-AN (Takara Bio, Shiga, Japan), an NdeI restriction site was incorporated into the sense primer, 5-CACTGTTGATACA TATGATGAGAATGAGACATACC-3, and an EcoRI site was incorporated into the antisense primer, 5′-TGTTGATTCAGAATTCTAG ATAGCATTAAGCAAG-3. The amplified fragment was subcloned and sequenced and the resulting NdeI-EcoRI fragment (842 bp) was inserted into the corresponding site of vector pRI101-AN to create plant expression vector p35dsa-b. The vector was introduced into the Agrobacterium tumefaciens strain C58C1Rif by electroporation. Arabidopsis thaliana plants were transformed using the floral dipping method (Clough and Bent 1998) . Positive transformants were selected on agar medium supplemented with 50 mg L −1 kanamycin and 200 mg L −1 vancomycin.
DNA insertion in T 1 plants was confirmed by PCR, following which, T 1 plants were self-pollinated to breed T 2 generations. Leaves from Arabidopsis T 2 plants were homogenized in three volumes of PBS, after which the homogenates were centrifuged at 10,000 × g for 10 min. The supernatant (crude extract) was used for the hemagglutinating activity assay.
To purify rDSA-B from the transgenic A. thaliana plant, 5 g of whole plants from 4-week-old T 2 plants (Line #1) grown in soil were used. Plants were homogenized in two volumes of PBS with a mortar and pestle for 5 min. The homogenate was centrifuged at 10,000 × g for 20 min, and the extract was obtained as a supernatant. The residual pellet was homogenized in two volumes of PBS and centrifuged. The supernatant fractions were combined, and 4-amidinophenylmethanesulfonyl fluoride hydrochloride was added to a final concentration of 0.2 mM. A chitin-gel (2 mL) was added to the solution, and the mixture was incubated at 4°C with gentle rotation. After overnight incubation, the slurry was packed into a column. The column was washed with 30 mL of PBS, and bound proteins were eluted with 8 mL of 4.2% 1,3-diaminopropane. The eluted fraction was dialyzed against 50 mM ammonium bicarbonate and lyophilized. The lyophilized powder was dissolved in 500 μL of PBS, and applied to a Toyopearl HW-55F gel filtration column (1.6 × 95 cm) equilibrated with PBS. rDSA-B was eluted at a flow rate of 1 mL min −1 and the fractions containing hemagglutinating activity were pooled.
Supplementary data
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